In this paper, a computer vision based volume measurement system for rail tanker is proposed. Considering the complex environment, we propose an accurate identification algorithm of coded point and a precise localization algorithm. By investigating the epipolar geometry among three views, this paper develops a novel method for metric reconstruction of a scene based on the trilinear relations. Through the method of ordering incomplete scattered data presented, we construct a series of cross-section contours for a tanker and achieve a precise reconstruction of the surface of the tanker. Experiments show that, the volume measurement method for rail tanker based on computer vision can be operated with simplicity and high accuracy.
Introduction
Rail tanker is not only a kind of measurement apparatus, but also a kind of transportation facilities [1] . Currently, it is measured by a "capacity test device for rail tanker" as a standard tool to implement the verification. The standard measurement tool is composed of a tube-foot, a steel tape and an ultrasonic thickness gauge. But this standard measurement device is affected greatly by factitious factors in use. Therefore, researchers developed an automatic measurement method based on laser displacement sensor that improved the accuracy and automation of measurement effectively [2] . However, it still needs to be applied by the capacity table after processing the data. Both methods mentioned above are indirect tests measuring outside with error existing between the actual shape and the model. The automated measurement method using a laser range finder is a discrete-additive method with high accuracy, but the measuring equipment is heavy, cumbersome and difficult to use. Therefore, we developed an automatic measurement technology for rail tanker based on three-dimensional photographic measurement principle. This method is effective to overcome the drawbacks of existing methods to achieve the automation of measurement process and further improve the accuracy of capacity estimating.
System components and measuring principle

System components
The whole measuring system hardware consists of a portable digital camera, a laptop computer, a group of coded points with special target, identification points and a scale of length rigorously calibrated with coded points on both ends. The hardware components of the measurement system are shown in Figure 1 .
The camera in use is Nikon D200 SLR of fixed-focus lens with f=24mm. The camera needs to be accurately calibrated before using. In this system, a new type of calibration board is designed to add 5 big dots for the identification position based on the model of dot patterns for facility. After image threshold segmentation and ellipse detection, an automatic detection for coded points and matching algorithm are proposed. With the calculation method of camera intrinsic and extrinsic parameters integrated, an automatic camera calibration is achieved fully ultimately. This can be found in our early work [3] . The structure of the calibrration system is shown as Fig.2 .
The purpose of camera calibration is to determine the A, R and t. In the system the template's two-step method is adopted to calibrate the camera proposed by Zhang [4] . Firstly, it obtains the initial values of intrinsic and extrinsic parameters using linear and nonlinear method. Secondly the parameters are optimized by solving the nonlinear minimizing equation. To complete the calibration only needs to turn the plane three or more times in front of the camera without the movement parameters of calibration plate by Zhang's method. It is better than Tsai's in speed and accuracy and it has become one of the methods widely adopted nowadays. Laterly, researchers developed Zhang's calibration model from the accuracy, robustness and simplicity. In view of the calibration algorithm research has relatively perfect, this project takes the matching result as input to calculate the intrinsic and extrinsic parameters of the camera directly through Zhang's method.
Measurement methods and principles
The coded points with magnetic power are evenly arranged on the surface of heads and sides of the rail tanker. The small circular identification points are laid out in a strip and rulers with special coded point on both ends is placed on the tanker. Images are acquired with a digital camera around the rail tanker and overlapping regions between every two adjacent photos must include multi coded points. The calculating process is described as; the 3D coordinates of the centers of the identification points and coded points are obtained with inputting the acquired images which are the 3D coordinates of the rail tanker surface, ordered 3D points data can be obtained through calculating the central spindle of the tanker, slicing the points cloud, fitting cross-section with curve and resampling the fiting curve, the tanker's 3D outer surface is fitted by NURBS surface, the inner surface is gained through a wall-thick inward offset, the volume of the rail tanker is calculated by the method of discrete cumulative.
Accurate identification and positioning of the coded points
The coded point is varied. The coded point used in this project is shown in Figure 4 , whose basic property is unacted by rotation, scaling and deformation. it is prone to identification and each point has a unique ID code. The encoded target in multiple images can be matched quickly and reliably after identification. In order to deal with complex environments, such as in the case of a mixture background with the sky, leaves, a building and the surface pattern of the object, the recognizing algorithm should have higher robustness. Otherwise, these factors will affect the correctness of the 3D reconstruction later. For this reason, the proposed algorithm consists of three steps. First, eligible central ellipses are extracted from input images. Second, the corresponding encoded band patterns are obtained from the extracted ellipses, and then are used to modify the parameters of the extracted ellipses. Finally, the encoded targets are decoded through a certification and interpretation of the arrangement of the bit segments surrounding this encoded target.
Ellipse extraction of encode targets
As we know, the central white dot of the encoded target is imaged to be an ellipse in a perspective projection. First, edges are extracted by Canny detector which is widely used in computer vision to locate intensity changes and to find object boundaries in an image. Edges produced by Canny detector often contain discontinuities. Different linking techniques have been presented in order to close open edges. In this work, an iterative linking procedure developed in our early work [5] is adopted directly. Next, ellipse fitting is performed using the method of Fitzgibbon et al. [6] . The method is computationally efficient. Then, candidate ellipses are obtained by discarding all ineligible ellipses that cannot pass through restriction tests. The designed restriction criteria including length criteria, shape criteria, and embedding criteria are described as follows:
(1) Length criteria The edge length of an eligible ellipse should meet the following conditions low up L L L ≤ ≤ (1) where L low and L up are respectively the minimum length threshold and the maximum length threshold. They are set empirically in advance. If the edge length of an ellipse is too short or too long, the ellipse will be rejected. Further test is not needed any more.
(2) Shape criteria A long and narrow ellipse is considered as an outlier. So the long half-axis a and short half-axis b of an ellipse must conform to a constraint. Threshold ratio of a to b is generally set as a value greater than two.
(3) Embedding criteria An ellipse is called as an embedding ellipse if it contains other ellipses. Embedding ellipse should be discarded. After the above two filter stages, the remaining ellipses are taken an analysis on relative position between every two of them. Finally the reasonable ellipses candidates are extracted, which refers to our previous work [7] .
Decoding of the coded targets
New internal boundary and outer boundary ellipse on the encoding strip can be estimated according to the central ellipse one. And the unit ellipse between the two boundary ellipses is gained. After binarization for the points on the unit ellipse, the optimal initial search point opt P is solved by them, as shown in Figure 5 . We take a binary system on the unit circle every unit angle (30º) in clockwise from opt P to calculate the average of all the pixels' gray. If an average is greater than the threshold of image segmentation, it can take binary value of "1", otherwise "0".
After processing the entire circumference of the round in turn, we can get all the binary codes of the current coded target. There is something different if the initial search point is not the same one. Since each code has only one decimal number, it is not possible to correspond to 12 different binary digits. Therefore, the minimum one can be set as the coded ID. All of the ID can be stored in a check list in advance. It indicates that the ellipse is the flag of the encoding if the ID of an ellipse with corresponding to a number in the check list, or it is not.
Metric reconstruction based on trifocal tensor
In this paper, the trilinear relation of a scene is employed in 3D reconstruction. It can be achieved precisely via taking use of the three pictures photoed by a calibrated camera in the case of no constraints to the movement of camera and the structure of the scene. The trifocal tensor has similar properties with the fundamental matrix, describing the entire relationship of the projective geometry has nothing to do with the structure of the scene among the three views. It is only ′ ′′ x x x is the projection of 3D points in 2D, which has removed the effect of the camera intrinsic parameters and distortion, The fundamental matrix calculated via trifocal tensor namely is the essence matrix 21 E and 31 E . At this point the camera matrix can be written as the normalized form (the position of the first camera is supposed to be the world coordinate system): 
According to the essence matrix, not only the camera's rotation matrix ′ R and ′′ R but also the translation vector ′ t and ′′ t can be determined by 21 E and 31 E in formula (2) . Thus, the formula (2) is written as: 
where k′ ′ = T , k′′ ′′ = T . n ′ P and n ′′ P in the formula (3) are not uniform in the coordinate space because that k′ and k′′ are two unknown scale factor. To achieve metric reconstruction, it needs uniforming the scale factor. So far, a metric reconstruction of the 3D scene has been realized. In order to improve the accuracy of the reconstruction, a nonlinear optimization (such as LM) is empolyed for cluster adjustment with setting the results of the current reconstruction as the initial value. Thus the Maximum Likelihood (ML) estimation of the 3D structure can be obtained.
Surface reconstruction
The point clouds of the rail tanker obtained are scattered and incomplete, and it is difficult to process orderly, construct the section contour line of the tanker, and get the auto-parameterized NURBS data. 
Ordering and resampling for incomplete cross-sectional data
In this paper, the idea of slicing is utilized to normalize the scattered data to the same section. Above all, the direction of stratification can be determined based on PCA (principal component analysis).
In view of the measurement data of the head and the body of the tanker has different density; the interval of the slicing plane is set different value separately in order to eliminate the invalid layers, as shown in Figure 7 . At this time, the scattered measurement data is still only in the two adjacent tangent planes (such as section A and B). For this reason, either the section A or the section B can be set as a projected plane. And then the measurement data in the A-B shear layer is projected to section B to get cross-sectional contour data. Let B O is the intersection point of section B and the central axis of the tanker, and then the projection of data clouds can be calculated by the following equation:
Based on the fact that the cross-section of the tanker is elliptical, a simple method is proposed to fit the cross-section data. In this method, the scattered cross-section data was used to fit ellipse and then resampling and the ordered cross-sectional contour data could be obtained. To avoid the deformation caused by the data's imperfection and improve running speed of the algorithm, a fast iterative algorithm for ellipse fitting based on a short axis constraint is adopted.
After the above treatment, the cross-section contours of the tanker are obtained from the scattered data. Then it becomes ordered data points from sampling uniformly on the fitting ellipse. At last, the ordered point cloud of the entire surface of the rail tanker is obtained by linear interpolation to the whole of cross-section contours of the tanker. 
Fast reconstruction of the tanker's surface based on NURBS
There are several ways to construct the surface after getting the array data of the rail tanker. The method of skinning surface can convert surface modeling to two-step curve fitting or interpolation, the problem is simplified, thus it can be used to reconstruct the surface here. Therefore, the reconstruction is divided into two steps: NURBS curve fitting of every line of data points at first, surface reconstruction by skinning to the cluster curve secondly.
Experiment and Analysis
An experiment has been carried out on a type of rail tanker. Two rulers with same length are set up in the two sides of the tanker. One has the length 630.21mm and the measurement result of the other is 630.28mm. The error is 0.08mm in the case of the shooting route of more than 15m. The calculated total length of the tanker is 10451.15mm and the length is 10450mm through geometric measuring method. The difference is only 1.15mm. The volume of the tanker in some high level is shown in Table 1 .
Conclusion
(1) The encoding method and decoding algorithm proposed in this paper has a higher recognition rate.
(2) In this paper, the 3D reconstruction method based on trifocal tensor has higher accuracy and robustness than the method on account of the fundamental matrix, especially for large 3D scene.
(3) The 3D vision measuring system based on trifocal tensor can capture the surface points of the tanker rapidly, improving the test speed of volume.
